The application of artificial intelligence has become an important topic in electrical machines control. This paper presents an application of neuro-fuzzy (NF) control for synchronous motor (SM) speed. The NF has the advantages of expert knowledge of the fuzzy inference system and the learning capabilities of neural networks. A neuro-fuzzy controller of the motor speed is then designed and simulated. An asymptotically stable observer is designed to overcome the problem of speed sensor and is obtained without affecting the overall system response. Digital simulation results show that the designed NF speed controller realises a good dynamic behaviour of the motor, a perfect speed tracking with no overshoot and a good rejection of load disturbances.
Introduction
The control of non-linear systems has been an important research topic and many approaches have been proposed. Intelligent approaches including adaptive neural networks (ANN), fuzzy systems and neuro-fuzzy (NF) networks are well suited to identify, model and control the systems with a large degree of uncertainty and non-linearity. In recent years, the analytical study of adaptive non-linear control systems using NF networks has received much attention. Typically, these methods use neural networks as approximation models for the unknown system non-linearities (Brown and Haris, 1994; Constantin, 1995; Feng, 2006) .
The NF networks can be very important because it attempts to exploit the merits both neural network and fuzzy logic based on modelling techniques, we use the neuronal structure to improve the structure of fuzzy inference system (FIS). NF models describe systems by means of fuzzy if-then rules represented in a network structure, to which learning algorithms known from the area of artificial neural networks can be applied (Ben Dayan Rubin et al., 2004; Rutkowski and Cpalka, 2003) . This new structure is called adaptive network-based fuzzy inference system (ANFIS). The FIS forms are a useful computing framework based on the concepts of fuzzy set theory, fuzzy if-then rules and fuzzy reasoning. The ANFIS has been introduced by Jang (1993) . This model is mostly suited to the modelling and control of non-linear systems. It combines the recursive least-square estimation and the steepest descent algorithms for calibrating both premise and consequent parameters iteratively which make the structure of the ANFIS naturally adaptive.
The ANFIS is a FIS implemented in the framework of an adaptive fuzzy neural network. It combines the explicit knowledge representation of a FIS with the learning power of ANN. Usually, the transformation of human knowledge into a fuzzy system [in the form of rules and membership functions (MFs)] does not give the target response accurately. So, the parameters of the FIS should be determined optimally (Jang, 1993; Jang et al., 1997) .
In industrial application, synchronous motors (SMs) are widely used because of their superior advantages. The dynamics of these systems are highly non-linear and their models contain parametric uncertainties and unmodelled dynamics. The control of these systems presents difficulties, the classical controllers based on PI and PID become insufficient and the systems performances decrease in the presence of uncertainties, internal or external disturbances. In this case, the recourse to robust controller is requested. Among these controllers, ANFIS controller can be used with success. Because it is based on the use of the neural network and the fuzzy logic, two techniques which prove their effectiveness in control area.
The industrial applications necessitate speed/position variators having high dynamic performances, good precision, high capacity of overload and robustness to different perturbations. Thus, the recourse to robust control algorithms is desirable in stabilisation and in tracking trajectories (Mamdani, 1974; Yu et al., 2003; Aissaoui et al., 2011) . The control of electrical machines requests best measurement and then sensors with high quality, and then high cost. It will be very benefit to design new observers which can replace sensors and give accurate value compared to the measured one. In this paper, we propose observers based on sliding mode theory.
In this paper, the application of ANFIS in SM speed control is described. The organisation of this work is as follows: first, the vector control principle for SM drive is presented; next, the proposed controller is described, and used to control the speed of SM. A speed observer is developed bases on sliding mode theory. Simulation results are given to show the effectiveness of this controller with using speed observer and finally conclusions are summarised in the last section.
Synchronous motor drive

Machine equations
The more comprehensive dynamic performance of a synchronous machine can be studied by synchronously rotating d-q frame model known as Park equations. The dynamic model of SM in d-q frame can be represented by the following equations (Bose, 1986; Sturtzer and Smigiel, 2000) : 
The mechanical equation of SM can be represented as:
Where the electromagnetic torque is given in d-q frame:
The flux linkage equations are:
In which: , , .
Where R s -stator resistance, R f -field resistance, L ds , L qs -respectively direct and quadrature stator inductances, L f -field leakage inductance, M fd -mutual inductance between inductor and armature, φ ds and φ qs -respectively direct and quadrature flux, φ ffield flux, T e -electromagnetic torque, T l -external load disturbance, p -pair number of poles, B -the damping coefficient, J -the moment of inertia, ω -electrical angular speed of motor, Ω -mechanical angular speed of motor, θ -mechanical rotor position, θ eelectrical rotor position.
Description of the system
The schematic diagram of the speed control system under study is shown in Figure 1 . The power circuit consists of a DC supply, which can be provided by a three phase rectifier, and a three phase inverter equipped with GTO thyristors whose output is connected to the stator of the synchronous machine (Cambronne et al., 1996) . The field current i f of the synchronous machine, which determines the field flux level, is controlled by voltage v f . The parameters of the synchronous machine are given in the Appendix (Namuduri and Sen, 1987) .
The self-control operation of the inverter-fed synchronous machine results in a rotor field-oriented control of the torque and flux in the machine. The principle is to maintain the armature flux and the field flux in an orthogonal or decoupled axis. The flux in the machine is controlled independently by the field winding and the torque is affected by the fundamental component of armature current i qs . In order to have an optimal functioning, the direct current i ds is maintained equal to zero (Bose, 1986; Sturtzer and Smigiel, 2000) .
Substituting (4) in (3), the electromagnetic torque can be rewritten for i f = constant and i ds = 0 as follow:
where λ = pM fd i f From equations (1) and (4) 
The v ds and v qs equations are coupled. We have to introduce a decoupling system, by using the compensation terms:
Figure 1 shows decoupling system using compensation terms.
Figure 1 Decoupling system using compensation terms
The currents i ds and i qs are controlled by PI regulator, the coefficient of the PI regulators are calculated so that the stability of the system described in Figure 2 is ensured. Figure 3 shows the schematic diagram of the speed control of SM using NF mode control.
The blocks NF ω , PI id et PI iq are regulators, the first is the NF controller for speed, the second is the proportional integral (PI) regulator for direct current and the third is the PI regulator for the quadrature current. To avoid the appearance of an inadmissible value of current, a saturation bloc is used. 
Adaptive NF principle
A typical architecture of an ANFIS is shown in Figure 4 , in which a circle indicates a fixed node, whereas a square indicates an adaptive node. For simplicity, we consider two inputs x, y and one output z.
Figure 4 Architecture of ANFIS
Among many FIS models, the Sugeno fuzzy model is the most widely applied one for its high interpretability and computational efficiency, and built-in optimal and adaptive techniques. For a first order Sugeno fuzzy model, a common rule set with two fuzzy if-then rules can be expressed as: where A i and B i are the fuzzy sets in the antecedent, and p i , q i and r i are the design parameters that are determined during the training process. As in Figure 4 , the ANFIS consists of five layers: • Layer 1: Every node i in the first layer employs a node function given by: • Layer 2: Every node in this layer calculates the firing strength of a rule via
• Layer 3: The i th node in this layer calculates the ratio of the i th rule's firing strength to the sum of all rules firing strengths: 
where w i is referred to as the normalised firing strengths.
• Layer 4: In this layer, every node i has the following function:
where i w is the output of layer 3, and {p i , q i , r i } are the parameters set. The parameters in this layer are referred to as the consequent parameters.
• Layer 5: The single node in this layer computes the overall output as the summation of all incoming signals, which is expressed as: 
The output z in Figure 2 can be rewritten as [9-12]:
( ) ( ) ( ) ( ) ( ) ( ) 
Adaptive NF controller
The ANFIS controller generates change in the reference current (I qs_ref ), based on speed error (e) defined as:
where ω ref and ω are the reference and the actual speeds, respectively. In this study, first order Sugeno type fuzzy inference was used for ANFIS and the typical fuzzy rule is:
is and is ( , ) 
The parameters to be trained are a i , b i , and c i of the premise parameters and p i and r i of the consequent parameters. Training algorithm requires a training set defined between inputs and output (Constantin, 1995; Lin and Lee, 1996; Kim and Kasabov, 1999) . The number of epochs was 100 for training. The number of MFs for the input (e) is 4 and for the input (Δe) is 4. The number of rules is then 16. The triangular MFs are used for the input variables. Figure 5 shows the architecture of ANFIS speed controller. Figures 6 and 7 show the MFs of the input e and Δe. Figure 8 shows surface of the ANFIS with four subsets using the inputs and the output. 
Speed observer
A non-linear system can be expressed in state space by:
A sliding observer is designed in the same form as the original system (22) with an additional input depending on the mismatch between the real values and the estimated values of the output vector (Ko et al., 1999; Haskara et al., 1996; Zheng et al., 2009; Nagata et al., 2008) .
is the proportional gain vector, X is an estimate of the system state vector.
The motion equation with respect to mismatch is of form ˆ.
The order of the observer may be reduced as:
The equation of the systems (23) and (24) can be written as: 
Det(T) ≠ 0, and I is the identity vector. The sliding mode observer is described by the following equation:
where 1 X and Ŷ are the estimates of the system state and
The motion equation of the SM (2) can be expressed in state space as follows:
In this paper, the speed ω is estimated by:
Then, the equation (29) can be rewritten according to (27) 
Simulation results
In order to validate the control strategies as discussed above, digital simulation studies were made the system described in Figure 3 . The speed and currents loops of the drive were also designed and simulated respectively with NF control and PI control. The feedback control algorithms were iterated until best simulation results were obtained.
The speed loop was closed, and transient response was tested with both PI current control and NF speed control. The simulation of the starting mode without load is done, followed by reversing of the reference ω ref = ± 100 rad/s at t 3 = 2 s. The load is applied at two times, in the first time, at t 1 = 1.5 s (T l = 8 Nm) and eliminated at t 2 = 2 s, in second time at t 2 = 4.5 s (T l = -8 Nm) and eliminated at t 2 = 5 s.
The simulation is realised using the Simulink soft-ware in MATLAB environment. Figure 9 shows the performances of the NF controller. The control presents the best performances, to achieve tracking of the desired trajectory. The NF controller rejects the load disturbance rapidly with no overshoot and with a negligible steady state error. The current is limited in its maximal admissible value by a saturation function. The decoupling of torque-flux is maintained in permanent mode. Figure 10 shows a comparison between PI controller and NF controller. The NF controller presents better performances than the PI controller in the reject of load disturbances rapidly with no overshoot. 
Robustness tests
In order to test the robustness of the used method, we have studied the effect of the parameters uncertainties on the performances of the speed control. Two cases are considered: the moment of inertia and the stator resistances. To illustrate the performances of control, it has simulated the starting mode of the motor without load, and the application of the load (T L = +8 Nm) at the instance t 1 = 1 s and its elimination at t 2 = 2 s; in presence of the variation of parameters considered (the moment of inertia, the stator resistances) with speed step of 100 rad/s. Figure 11 and Figure 12 show the tests of robustness realised by PI and NF control with different values of the stator resistances for J = J n and J = 2J n .
The results of Figure 11 (a) and Figure 12 (a) show a decrease or increase of the moment of inertia (J) and the resistances affect the performances of the technique used. The PI controller is influenced by the parameters variation of the system and the external disturbances presented in these figures by the application of load.
The results of Figure 11 (b) and Figure 12 (b) show a decrease or increase of the moment of inertia (J) and the resistances does not have any effects on the performances of the technique used. An increase of the moment of inertia gives best performances, but it presents a slow dynamic response. The NF controller presents great robustness against internal and external disturbances compared to PI controller. In order to show the performances of the speed observer, we have simulated the response of the observer and compared with the real measure. The results of Figure 13 show the high performance of the speed observer. The estimation of speed and position were made successfully. The estimated speed and position are the same as the measure values. The response of SM with using the speed observe, gives results close as when we use the speed sensor (Figure 14) . From using the NF method and the sliding mode technique, we have reached high performances in control and observation. Figure 13 shows the performances of the speed observer compared to the real measures values. Figure 14 shows the response of the system using the NF speed controller and the sliding mode speed observer. 
Conclusions
The paper presents a new approach to robust speed control for SM. A model of SM is developed in d-q frame, this model is known as Park model. To make the SM control easy we use the vector control strategy, this technique is very appreciated in the control of SM following two independent axes and then decoupling equations following Park axes. The conventional controllers PI are frequently used in the control of electrical machines, however their performances decrease in presence of parameters variation and disturbances. In this paper, we propose a simple robust controller to deal with uncertain parameters and external disturbances and takes full account of system noise, digital implementation and integral control. The control strategy is based on ANFIS approaches. The simulation results show that the proposed controller is superior to conventional controller in robustness and in tracking precision. The simulation study indicates clearly the superior performance of adaptive NF control, because it is inherently adaptive in nature. It appears from the response properties that it has a high performance in presence of uncertain plant parameters and load disturbances. It is used to control system with unknown model. The control of speed by ANFIS gives fast dynamic response without overshoot and zero steady-state error. The use of sliding mode control in observer gives interest results. The measured and the observer values are much closed with a insignificant error. The use of this observer is with great benefits, which avoid us the use of speed and position sensors. 
